Renal water reabsorption is controlled by arginine vasopressin (AVP), which binds to V2 receptors, resulting in protein kinase A (PKA) activation, phosphorylation of aquaporin 2 (AQP2) at serine 256, and translocation of AQP2 to the plasma membrane. However, AVP also causes dephosphorylation of AQP2 at S261. Recent studies showed that cyclin-dependent kinases (cdks) can phosphorylate AQP2 peptides at S261 in vitro. We investigated the possible role of cdks in the phosphorylation of AQP2 and identified a new PKA-independent pathway regulating AQP2 trafficking. In ex vivo kidney slices and MDCK-AQP2 cells, R-roscovitine, a specific inhibitor of cdks, increased pS256 levels and decreased pS261 levels. The changes in AQP2 phosphorylation status were paralleled by increases in cell surface expression of AQP2 and osmotic water permeability in the absence of forskolin stimulation. R-Roscovitine did not alter cAMPdependent PKA activity but specifically reduced protein phosphatase 2A (PP2A) expression and activity in MDCK cells. Notably, we found reduced PP2A expression and activity and reduced pS261 levels in Pkd1 +/2 mice displaying a syndrome of inappropriate antidiuresis with high levels of pS256, despite unchanged AVP and cAMP. Similar to previous findings in Pkd1 +/2 mice, R-roscovitine treatment caused a significant decrease in intracellular calcium in MDCK cells. Our data indicate that reduced activity of PP2A, secondary to reduced intracellular Ca 2+ levels, promotes AQP2 trafficking independent of the AVP-PKA axis. This pathway may be relevant for explaining pathologic states characterized by inappropriate AVP secretion and positive water balance.
mice displaying a syndrome of inappropriate antidiuresis with high levels of pS256, despite unchanged AVP and cAMP. Similar to previous findings in Pkd1 +/2 mice, R-roscovitine treatment caused a significant decrease in intracellular calcium in MDCK cells. Our data indicate that reduced activity of PP2A, secondary to reduced intracellular Ca 2+ levels, promotes AQP2 trafficking independent of the AVP-PKA axis. This pathway may be relevant for explaining pathologic states characterized by inappropriate AVP secretion and positive water balance. In most mammals, regulation of water balance is critically dependent on water intake and excretion, which is under control of the antidiuretic hormone arginine vasopressin (AVP). In the kidney, AVP binds to the V2 vasopressin (V2R) receptor, activating the cAMP/protein kinase A (PKA) signal transduction cascade, promoting the fusion of intracellular vesicles containing aquaporin 2 (AQP2) to the apical plasma membrane, and increasing luminal permeability. [1] [2] [3] This translocation is accompanied by AVP-dependent phosphorylation of AQP2 at serine-256 (pS256).
Mice in which S256 could not be phosphorylated (AQP2-S256L) develop polyuria and hydronephrosis because of a defect in AQP2 trafficking to the plasma membrane. 4 Interestingly, it connects to polycystic kidney disease (PKD). Mutations in polycystin-1 (Pkd1 +/2 ) gene cause PKD, whereas PKD1 haplo-insufficient mice (Pkd1 +/2 ), showing an inappropriate antidiuresis, display significantly higher levels of pS256 compared with wild-type (WT) littermates; the prominent expression at the apical plasma membrane of collecting duct principal cells, despite normal V2R expression and normal cAMP levels, is associated with unchanged AVP expression in the brain, despite chronic hypo-osmolality. 5 These observations underscore the crucial role of AQP2 phosphorylation at S256 in controlling the cellular distribution and fate of AQP2. 1, 6, 7 As for many proteins, the function and the trafficking of AQP2 are modulated by a balance of reversible phosphorylation and dephosphorylation. Preventing dephosphorylation of AQP2 with okadaic acid, inhibitor of phosphatase 1 (PP1), inhibitor of phosphatase 2A (PP2A), and inhibitor of phosphatase 2B (PP2B) significantly increased AQP2-pS256. 8 Proteomic analysis of inner medulla collecting duct identified PP2A as a phosphoprotein isolated from inner medullary collecting duct samples treated with either calyculin-A, a specific PP2A inhibitor, or vasopressin, 9 suggesting the possible participation of this phosphatase in cellular events triggered by physiologic stimulus, such as vasopressin in renal collecting duct cells.
The complexity of AQP2 regulation was further increased by phosphoproteomics studies showing that, other than S256, vasopressin modulates the phosphorylation status of three other sites within the C terminus (S261, S264, and S269). Although vasopressin increases S264 and S269 phosphorylation, it decreases S261 phosphorylation. [9] [10] [11] [12] Regarding the potential kinases responsible for the phosphorylation of these sites, c-Jun N-terminal kinase, p38, and cyclin-dependent kinases (cdks) cdk1 and cdk5 can phosphorylate AQP2 peptides at S261 in vitro. 13, 14 Here, in the attempt to investigate the potential involvement of cdks in AQP2 regulation, we discovered a new PKA-independent signal transduction pathway regulating AQP2 phosphorylation and localization. We found that selective inhibition of cdks with R-roscovitine is associated with a decrease of intracellular Ca 2+ levels and a significant downregulation of the phosphatase PP2A activity, resulting in an increase of AQP2 phosphorylation at S256 and targeting to the apical membrane. Physiologically, this novel regulatory mechanism might be of clinical interest, because it better elucidates the molecular bases of pathologic states characterized by disturbances in water balance.
RESULTS

Renal Expression of cdks
Recent data have shown that cdk1 and cdk5 can phosphorylate AQP2 peptides at S261 in vitro. 14 To investigate the possible involvement of cdk1 and cdk5 in AQP2 trafficking, expression of these kinases in renal collecting ducts was evaluated. Immunoblotting analysis of mouse renal cortex and inner medulla and outer medulla revealed specific bands of the anticipated mass of 35 kD, indicating that cdk1 and cdk5 are expressed in these tissues (Figure 1 , A, upper panel, and B, upper panel). The expression of both kinases was further detected in M1, Madin-Darby canine kidney (MDCK), and mpkCCD cells, three different cell models commonly used to study the intracellular trafficking of AQP2. Immunohistochemistry further revealed that cdk1 and cdk5 localized with AQP2 in renal principal cells (Figure 1 , A, lower panel, and B, Figure 1 . Expression and distribution of cdk1 and cdk5 in the kidney and renal cells. Immunoblot (upper panels) and immunohistochemical (lower panels) analysis of (A) cdk1 or (B) cdk5 in kidney cortex, outer medulla (OM), inner (IM) medulla, and three different cell models (M1, MDCK, and mpkCCD cells) used to study AQP2 trafficking. For immunoblotting, equal amounts of proteins from renal fractions (15 mg/lane) and cells (30 mg/lane) were immunoblotted using specific antibodies against cdk1 or cdk5. The mass of cdk1/5 is indicated on the right. Immunohistochemistry: renal sections were incubated with (A) cdk1-, (B) cdk5-, and AQP2-specific antibodies, and collecting ducts expression was analyzed using confocal imaging. Cdk1 and AQP2 colocalized in renal principal cells. Cdk5 and AQP2 were expressed in principal cells but did not colocalize. lower panel). However, colocalization with AQP2 at the apical side was only seen for cdk1 ( Figure 1A , upper panel).
Ex Vivo Assessment of AQP2 Trafficking under cdks Inhibition
To study the possible role of cdks on AQP2 phosphorylation and trafficking, we took advantage of R-roscovitine, a selective inhibitor of these kinases. 15 Ex vivo experiments were performed in fresh rat kidney slices incubated with or without desmopressin (dDAVP) and/or roscovitine. Subsequent immunoblotting revealed that incubation with R-roscovitine (R; R=3.2360. 37 (Figure 2A ). This stimulation was even further increased on cotreatment with dDAVP and R-roscovitine (R+dDAVP=5.5060.31 versus CTR=1.0060.34, n=3, P,0.05) (Figure 2A ). In line with this dDAVP-like stimulation of S256 phosphorylation, R-roscovitine (R=0.4160.13 versus CTR=1.0060.14, n=3, P,0.05) and dDAVP (dDAVP=0.5560.1 versus CTR=1.0060.14, n=3, P,0.05) significantly reduced pS261 compared with untreated renal tissue, which was significantly further reduced on cotreatment with dDAVP and R-roscovitine (R+dDAVP=0.3160.076 versus CTR=1.0060.14, n=3, P,0.05) (Figure 2A ). These further increases in pS256 and reduction in pS261 with the cotreatment compared with dDAVP and roscovitine only suggest that the effects of dDAVP and roscovitine on AQP2 are synergistic and acting through different mechanisms.
Importantly, confocal studies on renal sections revealed that, compared with untreated sections, in which AQP2 staining localized to intracellular vesicles, R-roscovitine and dDAVP induced AQP2 translocation to the apical membrane ( Figure 2B ).
In Vitro Assessment of AQP2 Trafficking under cdks Inhibition
To dissect the signal transduction pathway activated by R-roscovitine treatment, polarized MDCK-hAQP2 cells were used, which have been shown to be a reliable system to study intracellular trafficking regulation of AQP2 and show dDAVP/ forskolin-induced changes in S256 and S261 phosphorylation in vivo. 11, [16] [17] [18] In line with our ex vivo data, R-roscovitine, forskolin, and the combination of roscovitine and forskolin (F) significantly increased pS256 (F=2.660.5; R=2.0060.22; Figure 2 . Effect of R-roscovitine on AQP2 phosphorylation and trafficking in rat kidney slices. (A) Effect of R-roscovitine on AQP2 S256 and S261 phosphorylations ex vivo. Rat kidney slices were treated as described in Concise Methods. Immunoprecipitated complexes were subjected to immunoblotting for total AQP2, AQP2-pS256, and AQP2-pS261. R-roscovitine increases AQP2-pS256, whereas it reduces AQP2-pS261. Signals were semiquantified by densitometry (right panel). *Samples significantly (means6SEMs; P,0.05) different from controls; # sample significantly (means6SEMs; P,0.05) different from dDAVP. (B) Effect of R-roscovitine on AQP2 distribution in renal kidney slices. Fresh renal slices were treated as described in Concise Methods, stained for AQP2, and subjected to confocal laser scanning microscopy (Leica TCS SP2 camera; Leica Microsystems). R-roscovitine (R) promotes AQP2 trafficking, regardless dDAVP stimulation. RF=1.8060.11 versus CTR=1.0060.12, n=4, P,0.05) and reduced pS261 (F=0.5360.07; R=0.4160.06; RF=0.2560.06 versus CTR=1.0060.04, n=4, P,0.05) (Figure 3) . The decrease in pS261 was significantly deeper on cotreatment with forskolin and R-roscovitine. Neither R-roscovitine nor dDAVP altered the intracellular level of the housekeeping protein actin ( Figure 3) .
As observed in renal section, confocal studies revealed that, similar to forskolin stimulation, incubation with R-roscovitine increased the cell surface expression of AQP2 compared with controls, a condition in which AQP2 localized in intracellular vesicles. The apical staining of AQP2 was also detected on stimulation with R-roscovitine and forskolin ( Figure 4A ). To verify whether the apical localization of AQP2 observed by confocal studies involved its insertion into the apical plasma membrane, cell surface biotinylation experiments were performed. In line with immunocytochemistry data, R-roscovitine, forskolin, and their combination increased the cell surface abundance of AQP2 at the apical plasma membrane (R=1.8560.24; F=3.5360.69; RF=2.9160.67 versus CTR=1.0060.067, n=3, P,0.05) ( Figure 4B , densitometry on the right). Consistent with these observations, R-roscovitine or forskolin treatment induced a significantly higher temporal osmotic response (reported as 1/t) compared with untreated cells (1.3560.14; 1.52960.10 versus CTR=1.0060.07) ( Figure  4C ). Altogether, these ex vivo and in vitro data indicated that inhibition of cdks increases principal cell permeability by inducing AQP2 trafficking from vesicles to the apical membrane.
Intracellular Signals Regulating AQP2 Trafficking under cdks Inhibition
Apical targeting of AQP2 depends on intracellular cAMP, which activates PKA. 1, 2 To test whether R-roscovitine affects AQP2 trafficking by fine-tuning PKA activity, fluorescence resonance energy transfer (FRET) experiments were performed. For FRET, MDCK-hAQP2 cells were cotransfected with RII-ECFP and Cat-EYFP, and FRET signals were measured under treatments described above ( Figure 5 ). Compared with untreated cells, normalized FRET signals decreased only with forskolin (F=70.09%69.35%, n=72 cells; RF=64.58%69.3% n=75 cells versus CTR=100%67.09%, n=98 cells; R=99.89%6 9.93%, n=87 cells). Consistent with FRET observations, R-roscovitine treatment did not lead to increased intracellular levels of cAMP (R=88.05%610.5%; CTR=100%619.68%), indicating that AQP2 phosphorylation and trafficking, in response to R-roscovitine, are independent on cAMP-dependent PKA activity.
Because R-roscovitine treatment results in a cAMP/PKAindependent increase in AQP2-pS256 and plasma membrane abundance of AQP2, we subsequently investigated the possible involvement of protein phosphatases in the roscovitine response. Previous studies have shown that serine/threonine phosphatases are of potential relevance to vasopressin signaling in inner medulla collecting ducts. 8, 9 Immunoblotting studies revealed that R-roscovitine significantly decreased the PP2A abundance (R=26.54%64,62% versus CTR=100%6 22.35%, n=3, P,0.05) but not the abundance of PP1 or PP2B ( Figure 6A ). Consistently, analysis of the activities of PP1, PP2A, and PP2B using phosphatase-specific immunoprecitation assays 19 revealed that R-roscovitine treatment significantly reduced the activity of PP2A (R=61.34%64.20% versus CTR=100%66.829%, n=3, P,0.05) but not the activity of PP1 or PP2B ( Figure 6B ). No significant free phosphate was detected when unspecific IgG were used in the assay (IgG=4366.50 versus CTR=1585642.15 in picomoles per 25 ml). These data suggest that the increase in AQP2-pS256 and plasma membrane abundance of AQP2 with roscovitine was caused by reduced activity of PP2A.
To clarify the possible involvement of PP2A on AQP2 phosphorylation, MDCK-hAQP2 cells were incubated with calyculin-A at 50 pM to inhibit PP2A specifically, because IC 50 values for inhibitory activity against PP1 are approximately 2 nM. 20, 21 Incubation with calyculin-A increased pS256 (calyculin-A=2.0060.58; R=2.0060.22 versus CTR=1.0060.12, n=4, P,0.05) and decreased pS261 (calyculin-A=0.3660.13; R=0.3360.06 versus CTR=1.0060.025, n=4, P,0.05) similar to that observed with R-roscovitine ( Figure 7 ). Because PP2A Figure 3 . Effect of R-roscovitine on AQP2 S256 and S261 phosphorylation in MDCK-hAQP2 cells. MDCK-hAQP2 cells were left untreated (CTR) or stimulated with forskolin (F) in the absence (R) or the presence of R-roscovitine (RF). After treatments, cells were lysed and subjected to immunoprecipitation. Immunocomplexes were analyzed by immunoblotting for total AQP2, AQP2-pS256, and AQP2-pS261. R-roscovitine treatment increases AQP2-pS256, whereas reduces AQP2-pS261. Signals were semiquantified by densitometry (lower panel). *Samples significantly (means6SEMs; P,0.05) different from controls; # sample significantly (means6SEMs; P,0.05) different from forskolin condition. No change in the expression of the housekeeping protein actin was detected within the R-roscovitine incubation time used in this study.
contained two functional and highly conserved Ca 2+ -binding EF-hand motifs 22 modulating its activity, 23 the intracellular free calcium concentration was measured. Incubation with R-roscovitine significantly reduced the concentration of free calcium compared with unstimulated cells (R=193.767.12 nM, n=178 cells versus CTR=66.7662.06 nM, n=236 cells, P,0.001) (Figure 8 ), which might account for the decreased activity of the calcium-regulated PP2A.
Intracellular Signals Modulating Water Handling in a Model of Syndrome Of Inappropriate Antidiuretic Hormone Secretion
In a mouse model of inappropriate antidiuresis carrying a targeted deletion of Pkd1 +/2 , 24 the aquaretic response to water load and specific V2R antagonist was reduced compared with WT mice, which coincided with unchanged levels of cAMP, AQP2, and V2R. 5 Pkd1 2/2 mice showed increased AQP2-pS256 and plasma membrane expression of AQP2 together with significantly decreased intracellular calcium concentrations. 5 Compared with WT, kidneys isolated from Pkd1 +/2 mice showed an increase in S256 phosphorylation (Pkd1 +/2 =2.0560.40 versus Pkd1 +/+ = 1.0060.21, n=6, P,0.05), which has already been shown, 5 and a decrease in pS261 (Pkd1 +/2 =0.5260.09 versus CTR= 1.0060.18, n=6, P,0.05) (Figure 9 ). Considering the similarity with our proposed pathway regulating AQP2, we set out to determine whether a reduced PP2A activity could underlie the increased water retention in our Pkd1 +/2 mice. Interestingly, the abundance of the calcium-regulated PP2Awas found significantly reduced compared with Pkd1 +/+ kidneys ( Figure 10A ) (Pkd1
=24.8167.31 versus Pkd1
+/+ =10067.34, n=6, P,0.05). Consistently, the reduced expression level was, indeed, paralleled by a decreased activity of PP2A in Pkd1 +/2 compared with WT counterpart =10065.725, n=3, P,0.05). In contrast, no significant change in protein expression levels as well as PP1 and PP2B activities was detected in Pkd1 +/2 kidneys respect to WT kidneys ( Figure 10B ). PP2A is known to modulate the activity of more than 30 kinases 25, 26 including glycogen synthase kinase 3a (GSK3a), which is inactivated by selective phosphorylation at S21. 27 Because ongoing studies reveal the crucial role played by GSK3 in the regulation of vasopressin action in the renal collecting ducts, 28 the phosphorylation status of GSK3a was investigated here. In line with a reduced expression and activity of PP2A, the Figure 11A ). Interestingly, pGSK3a was found significantly increased under roscovitine treatment or selective inhibition of PP2A with calyculin-A in fresh kidney slices (R=2.2360.19; calyculin-A=3.4960.67, n=4, P,0.05), likely strengthening the similarity of Pkd1 +/2 animal model and our novel proposed pathway regulating AQP2.
DISCUSSION
The major finding of this study is the identification of a new PKA-independent pathway regulating AQP2 trafficking. Specifically, our data indicate that reduced activity of PP2A, secondary to reduced intracellular Ca 2+ levels, promotes AQP2 trafficking independently of the AVP-PKA axis. The experimental strategy leading to these results has been the pharmacological inhibition of cdks with R-roscovitine. We found that R-roscovitine mimics the cellular response exerted by AVP stimulation, because it affects the phosphorylation and increases the cell surface-expressed AQP2. Surprisingly, R-roscovitine-induced AQP2 relocalization at the apical plasma membrane occurs independently of cAMPdependent PKA stimulation, indicating that R-roscovitine does not alter cAMP concentration at steady state and suggesting the existence of an alternative PKA-independent pathway controlling AQP2 trafficking.
Involvement of Protein Phosphatases in the Regulation of AQP2 Phosphorylation
Focusing our studies on protein phosphatases, which are potentially relevant to vasopressin response, we show here that R-roscovitine specifically reduces the activity of PP2A. The reduced expression and activity of PP2A found in cells pretreated with R-roscovitine is consistent with the observed increase in AQP2-pS256. The specific association between reduction of PP2A expression and increase in AQP2-pS256 was shown by treatment of intact cells with calyculin-A, resulting in an increase in pS256-AQP2. Calyculin-A is a strong phosphatase inhibitor displaying effect on PP2A (IC 50 approximately 0.5-1 nM) and less effect on PP1 (IC 50 approximately 2 nM), two phosphatases sharing some degree of redundancy. 29, 30 To reach a specific Figure 6 . Effect of R-roscovitine on protein phosphatase expression and activity in MDCK-hAQP2 cells. (A) Immunoblotting expression studies of protein phosphatases PP1, PP2A, and PP2B in MDCK-hAQP2 cells. Equal amounts of proteins from MDCKhAQP2 cells left untreated (CTR) or incubated with R-roscovitine (R) were subjected to electrophoresis and immunoblotted using specific antibodies as described in Concise Methods. Immunoreactive signals were semiquantified by densitometry (right panel), indicating that R-roscovitine reduces only PP2A protein content. (B) Protein phosphatase activities were evaluated using an immunoprecitation assay kit as described in Concise Methods. Data (means6SEMs; *P,0.05) indicate that R-roscovitine decreases PP2A activity only.
effect to PP2A, MDCK cells were treated with 50 pM calyculin-A.
The highest phosphorylation level of pS256, on cotreatment with R-roscovitine and dDAVP, underscores the selective activation of alternative signaling pathways by R-roscovitine and dDAVP, respectively. Because PP2A contains two functional and highly conserved Ca 2+ -binding EF-hand motifs, 22 it can be speculated that the observed decrease in intracellular calcium concentration, associated with R-roscovitine treatment, might be responsible for the strong reduction in PP2A activity observed in vivo and in intact cells.
In this context, it seems that intracellular calcium decrease is a pivotal upstream condition leading to PP2A downregulation. Although our recent data provide an explanation for this effect in renal cells, showing that R-roscovitine causes a significant increase in calcium content in the endoplasmic reticulum because of an increase in sarco/endoplasmic reticulum Ca 2+ -ATPase activity, 31 it is not known why low intracellular calcium is observed in inner medulla of Pkd1 +/2 mice. Other than affecting PP activities, reduced cytosolic calcium might also regulate the local activity of the calcium-dependent adenylyl cyclases and/or phosphodiesterases, which in turn, might modulate cAMP level in specific intracellular microdomains.
PP2A Inhibition Can Explain the Syndrome Of Inappropriate Antidiuresis Phenotype Observed in Pkd1
+/2 Mice Pkd1 +/2 mice had a decreased aquaretic response to both a water load and a selective V2R antagonist. Moreover, in those mice, cAMP levels in kidney and urine were unchanged along with the mRNA levels of AQP2. Nevertheless, AQP2-pS256 levels were upregulated, 5 whereas pS261 decreased, with a prominent distribution on the apical membrane of collecting duct principal cells. Of note, these mice have significantly lower intracellular basal calcium content in renal collecting ducts compared with WT mice. 5 These features correspond to the similar effects described here in R-roscovitine-treated MDCK cells.
In addition, analysis of different phosphatases expression and activities revealed a significant decrease in the protein expression of the calcium-regulated PP2A, which was paralleled by a significant reduction of its activity. This result might explain the observed increase in S256 phosphorylation. 5 However, the reduced expression and activity of PP2A in Pkd1 +/2 mice and MDCK cells on R-roscovitine incubation do not explain directly the observed decreased pS261, which instead, might be a Figure 7 . Effect of calyculin-A on AQP2 phosphorylation at S256 and S261. Cells were grown to confluence and left unstimulated (CTR) or treated with forskolin (F), R-roscovitine (R), or calyculin-A. Protein lysates were subjected to electrophoresis and immunoblotting using antibodies against AQP2 phosphorylated at S256, S261, or total AQP2 (indicated). Statistical analysis (right panel) revealed that calyculin-A, similarly to R-roscovitine, increased the abundance of AQP2-pS256, whereas it decreased AQP2-pS261 relative to unstimulated cells; S256 or S261 phosphorylation was normalized against total AQP2, and control conditions were set to one. *Significant difference (P,0.05). consequence of the increased pS256 (as a priming phosphorylation event). Alternatively, it can be speculated that PP2A downregulation results in a selective inhibition of GSK3a, a known PP2A target substrate 25 that is negatively regulated by phosphorylation at S21. As shown here, in Pkd1 +/2 mice and renal kidney slices, GSK3a phosphorylation at S21 significantly increased under roscovitine treatment. Of note, using the NetPhosk 1.0 server, S261 is designed as a potential phosphorylation site for GSK3.
We could not evaluate modulation of GSK3a phosphorylation in MDCK cells, because no specific immunoreactive band was detected in MDCK cells with the available antiGSK3a and anti-GSK3a-pS21 antibodies. Involvement of GSK3b could be excluded, because no change in its phosphorylation level was detected in MDCK cells under roscovitine treatment (data not shown). In addition, GSK3b phosphorylation and activity are under control of PP1, 26 which was found unchanged at protein level and activity, whereas PP2A is selective for pGSK3a and not pGSK3b 27 . These observations led us to speculate that PP2A inhibition might reduce S261 phosphorylation through inhibition of GSK3a, because its phosphorylation level was found increased in Pkd1 +/2 mice and fresh renal tissue under roscovitine and calyculin-A.
Furthermore, we have to point out that, in Pkd1 +/2 mice, the calcium-regulated PP2B was unaffected in terms of both expression and activity, similar to that observed in MDCK cells. This finding suggests that this protein phosphatase does not play a direct role in controlling AQP2 phosphorylation and trafficking in this animal model.
Considering the similarity of Pkd1 +/2 animal model and R-roscovitine action in MDCK cells, we propose a new PKAindependent signal transduction pathway promoting AQP2 trafficking. Specifically, our studies reveal that (1) R-roscovitine reduces the phosphorylation level of AQP2 at S261 through cdk1 and cdk5; (2) R-roscovitine decreases intracellular calcium level, reducing the activity of PP2A; and (3) the decrease of PP2A activity is paralleled by a significant increase in pS256 and a decrease in pS261 through GSK3a inhibition, facilitating AQP2 targeting to the plasma membrane ( Figure 12 ). To conclude, by identifying PP2A as a selective phosphatase downregulated in either R-roscovitine-treated cells and Pkd1 +/2 mice, we provide here new insights into the mechanisms that govern the syndrome of inappropriate antidiuresis phenotype characterized by positive water balance associated with upregulation of S256 AQP2.
CONCISE METHODS
Chemicals and Reagents
To detect the total amount of AQP2, we used antibodies against the 20-amino acid residue segment just N-terminal from the polyphosphorylated region of rat AQP2 (CLKGLEPDTDWEEREVRRRQ). 9, 32 AQP2-pS256 antibodies were as described in the work by Trimpert et al. 33 AQP2-pS261 antibodies were purchased from Novus Biologic. Antibodies specific for cdk1, cdk5, PP1, PP2B, GSK3a, and GSK3a-pS21 were purchased from Santa Cruz Biotechnology. R-roscovitine, dDAVP, calyculin-A, and protein A-Sepharose were purchased from Sigma-Aldrich. Calcein-AM was obtained from Life Techonologies. Biocytin Hydrazide and streptavidin beads were purchased from EZ-Link Pierce. The PP2A Immunoprecipitation Phosphatase Assay Kit and the PP2A antibodies were purchased from EMD Millipore.
Cell Culture and Treatments
MDCK-hAQP2 type I cells, stably expressing human AQP2, were grown as described. 34 In brief, they were grown in DMEM supplemented with 5% (v/v) FCS at 37°C in 5% CO 2 . MDCK cells were seeded at 1. mice. Representative immunoblotting showing AQP2, AQP2-pS256, and AQP2-pS261 expression in kidneys isolated from Pkd1 +/2 mice compared with WT animals. Densitometry (on the right) indicates that AQP2-pS256 increases while pS261 decreases in Pkd1 +/2 mice. S256 and S261 phosphorylation was normalized against total AQP2, and control conditions were set to one. *Significant difference (P,0.05).
with forskolin (10 25 M for 45 minutes). As reported, 34 addition of the prostaglandin synthesis inhibitor indomethacin was needed to reduce basal cAMP and AQP2-pS256 levels 12, 34 and was present in all treatments.
Ex Vivo Preparation
Ex vivo studies were performed as reported. 35 Briefly, male SpragueDawley rats were anesthetized and euthanized by decapitation. Kidneys were quickly removed, and sections of approximately 0.5 mm were made and divided in four groups. The sections were equilibrated for 10 minutes in a buffer containing 118 mM NaCl, 16 mM Hepes, 17 mM Na-Hepes, 14 mM glucose, 3.2 mM KCl, 2.5 mM CaCl 2 , 1.8 mM MgSO 4 , and 1.8 mM KH 2 PO 4 (pH 7.4). AQP2 trafficking was stimulated in the same buffer at 37°C with 1 nM dDAVP for 45 minutes with either 10 mM R-roscovitine in the absence or presence of dDAVP or calyculin-A for 1 hour. The treated sections were subjected to immunofluorescence or immunoprecipitation studies. The animal experiments performed were approved by the Ministry of Health (authorization no. 23/98-A), and animals were housed according to local and international requirements.
Immunofluorescence
Immunocytochemistry was performed as described. 36 Briefly, MDCK-hAQP2 cells were grown, treated as described above, and fixed for 30 minutes with 4% paraformaldehyde in PBS. Alternatively, kidney slices were fixed overnight in 4% paraformaldehyde at 4°C, infiltrated with 30% sucrose in PBS for 24 hours, embedded in Cryomatrix (DDK Srl) in dry ice, and cut with a cryostat to obtain 5-mm sections. After quenching of aldehyde groups with 50 mM NH 4 Cl in PBS for 15 minutes, samples were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, blocked with 1% PBS-BSA for 30 minutes, and incubated overnight with a 1:1000 dilution of AQP2 antibodies. Kidney sections were costained with cdk1 (1:100) or cdk5 (1:100) antibodies. After washing three times with PBS-BSA, samples were incubated with 1:1000 diluted goat anti-rabbit antibodies coupled to Alexa-488 or donkey anti-mouse antibodies coupled to Alexa-555 (Molecular Probes) in PBS-BSA for 1 hour. Next, cells or kidney sections were rinsed three times with PBS and mounted on glass slides with Mowiol. Images were obtained with a Leica TCS SP2 camera (Leica Microsystems).
Immunoprecipitation
Immunoprecipitation experiments were performed as described. 32, 37 Briefly, cells or rat kidney slices were treated as described above and lysed with 1% Triton X-100, 150 mM NaCl, and 25 mM Hepes (pH 7.4) in presence of proteases inhibitors (1 mM PMSF, 2 mg/ml leupeptin, and 2 mg/ml pepstatin A). Supernatants were precleared with 50 ml immobilized protein-A and incubated overnight with anti-AQP2 antibodies coupled to protein A Sepharose. Immunocomplexes were washed three times, resuspended in 50 ml Laemmli's buffer, and subjected to immunoblotting using AQP2, AQP2-pS256, and AQP2-pS261 antibodies. Alternatively, total lysates were immunoblotted with GSK3a and GSK3a-pS21 antibodies. Protein phosphotase activities were evaluated using an immunoprecitation assay kit as described in Concise Methods. Data (means6SEMs; *P,0.05) indicate that only PP2A activity is reduced in transgenic Pkd1 +/2 animals compared with WT mice.
Cell Surface Biotinylation
Biotinylation was carried out according to the protocols provided by the manufacturer (Pierce) with some adaptations as described. 32 MDCK-hAQP2 cells were cultured on six-well filters in DMEM for 4 days and treated as described above. Immunoblotting SDS-PAGE, blotting, blocking, antibody incubation, and chemiluminescence of the membranes have been described. 38 AQP2, AQP2-pS256, and AQP2-pS261 were used at 1:1000 dilutions; cdk1, cdk5, PP1, and PP2A antibodies were used at 1:500, whereas PP2B was diluted 1:300. GSK3a and GSK3a-pS21 were used at 1:200 dilutions. Secondary antibodies goat anti-rabbit or goat anti-mouse horseradish peroxidase-coupled antibodies were used. Representative figures are shown. Densitometry analysis was performed using Scion image. Data (in arbitrary units) are summarize in histograms by using GraphPad Prism.
Statistical Analyses
One-way ANOVA followed by a Newman-Keuls multiple comparison test was used for the statistical analysis. When applicable, t test was also used. All values are expressed as means6SEM. A difference of P,0.05 was considered statistically significant.
Water Permeability Assay
Osmotic water permeability was measured as shown by Mola et al. 39 A benchtop fluorescence plate reader (FlexStation II; Molecular Devices, MDS Analytical Technologies) equipped to analyze real-time fluorescence kinetic data in a 96-well format was used. Data acquisition was performed by Soft Max Pro software, and the data were analyzed with Prism (GraphPad Software Inc.) software. MDCK-hAQP2 cells were seeded in 96-well black-walled microplates (Corning Costar Corp.), and water permeability assays were done at 24-48 hours after plating, at which time cells were 90% confluent. Cells were washed with PBS and incubated at 37°C for 45 minutes with 10 mM membrane permeable Calcein-AM. Fluorescence was excited at 490 nm and detected at 520 nm using dual monochromators. Time course fluorescence data after mixing of cells with hypo-or isosmotic solutions were recorded over an 80-second period. The time constant of cell swelling because of the hypotonic stimulus was obtained by fitting data with an exponential function. 39 
Transient Expression
MDCK cells were seeded 1 day before transfection at 80% confluence; 25 ml polyethylenimine (1 mg/ml) was dissolved with 25 ml 150 mM and WT mice were subjected to electrophoresis and immunoblotting using antibodies against GSK3a and GSK3a-pS21. Statistical analysis (right panel) revealed that GSK3a-pS21 significantly increased in Pkd1 +/2 mice compared with the WT counterpart. GSK3a phosphorylation was normalized against total GSK3a, and GSK3a-pS21 in Pkd1 +/+ mice was set to one. *Significant difference (P,0.05). (B) Rat renal kidney slices were prepared as described in Concise Methods. Total lysates from slices left untreated, stimulated with R-roscovitine, or stimulated with calyculin-A were subjected to immunoblotting for GSK3a and GSK3a-pS21. R-roscovitine and calyculin-A increase GSK3a-pS21. Signals were semiquantified by densitometry (right panel). Samples significantly (means6SEMs; *P,0.05) different from controls.
NaCl and incubated for 5 minutes at room temperature. In parallel, 1 mg DNA was diluted in 150 mM NaCl to a final volume of 50 ml. After 5 minutes, solutions were mixed and incubated for 20 minutes at room temperature. Transfecting solution was then added to 2 ml complete medium and incubated for 8 hours. FRET experiments were executed 48 hours after transfection.
Video Imaging Measurements
In the fluorescence measurements, the coverslips with dye-loaded cells were mounted in a perfusion chamber (FCS2 Closed Chamber System; BIOPTECHS), and measurements were performed using an inverted microscope (Nikon Eclipse TE2000-S microscope) equipped for single cell fluorescence measurements and imaging analysis. The sample was illuminated through a 403 oil immersion objective (numerical aperture=1.30).
FRET Measurements
FRET experiments were performed as described. 32, 40 Briefly, MDCK cells were transiently cotransfected with plasmids encoding the regulatory and catalytic subunits of PKA fused to cyan fluorescent protein (ECFP) and yellow fluorescent protein (EYFP), respectively (1 mg per each plasmid), using the polyethylenimine procedure already described. 32 RII-ECFP and C-EYFP have been described 41 and were provided by M. Zaccolo. Specifically, in the condition of low cAMP, the fluorescent probes-tagged PKA subunits are in inactive holotetrameric conformation, and FRET is maximal. When cAMP rises, the second messenger binds to RII-CFP, resulting in a conformational change that releases active C-EYFP; CFP and YFP diffuse apart, and FRET is significantly reduced. ECFP and EYFP were excited at 430 and 480 nm, respectively; fluorescence emitted from ECFP and EYFP was measured at 480/30 and 545/35 nm, respectively. FRET from ECFP to EYFP was determined by excitation of ECFP and measurement of fluorescence emitted from EYFP. Corrected normalized FRET values were determined according to the work by Ritter et al. 40 cAMP Measurement MDCK cells were seeded on filters for 3 days and incubated for the last 16 hours with R-roscovitine or left untreated. To accumulate cAMP, cells were treated with 0.1 mM phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (Sigma-Aldrich). cAMP was measured using the cAMP enzyme immunoassay kit (Sigma-Aldrich) according to the manufacturer's instructions. Results were related to a standard curve based on the measurement of defined cAMP solutions.
Intracellular Calcium Calibration
MDCK cells were loaded with 4 mM Fura 2-AM for 15 minutes at 37°C in DMEM. Ringer's solution was used to perfuse cells during the experiment containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM Hepes, 5 mM glucose, and 1 mM CaCl 2 (pH 7.4). The Fura 2-AM loaded sample was excited at 340 and 380 nm. Emitted fluorescence was passed through a dichroic mirror, filtered at 510 nm (Omega Optical), and captured by a cooled CCD camera (CoolSNAP HQ; Photometrics). Fluorescence measurements were carried out using Metafluor software (Molecular Devices, MDS Analytical Technologies).
To calibrate Fura 2, cells were treated with 5 mM ionomycin and 1 mM EGTA in Ca 2+ free to obtain R min followed by 5 mM ionomycin and 5 mM Ca 2+ in Ringer's solution to obtain R max . -bound Fura 2, respectively, and K d is calculated for Fura 2 equally to 224 nmol/L. R min and R max are the ratio values at minimum and maximum stimuli, respectively. 42 Data are reported as mean6SEMs, with n equal to the number of cells. The significance of the observations was evaluated by t test for paired data, with P,0.05 considered to be statistically different.
PP Activities Assay
The protocol used a PP2A activity assay kit with some adaptations as described. 19 Cells were treated as mentioned above and lysed according to the protocol provided by the reagent manufacturer (EMD Millipore spa). Alternatively, kidneys isolated from Pkd1 +/+ or Pkd1 +/2 mice were lysed; 300 mg proteins from cell or kidney lysate, determined with Qubit (Invitrogen), were incubated with 25 ml protein-A agarose and 4 ml anti-PP1, anti-PP2A, or PP2B antibodies. After 2 hours of incubation, immunocomplexes were washed three times with ice-cold Tris-buffered saline and one time with Ser/Thr phosphopeptide buffer. After the last wash, 60 ml diluted phosphopeptide (750 mM) and 20 ml phosphopeptide buffer were added and incubated for 10 minutes at 30°C in a shaking incubator; 25 ml supernatant was Figure 12 . Identification of a PKA-independent pathway controlling AQP2 trafficking. Schematic model (detailed description in Discussion). ER, endoplasmic reticulum.
placed in a 96-well plate, and a malachite green detection assay was used to determine free phosphates. A calibration curve was generated to establish the level of phosphatase activity, which is reported in picomoles of phosphate released per 25 ml supernatant.
